It is known that sulfur on zirconium surfaces may delay surface oxidation 1 and reduce the sticking coefficient of adsorbing oxygen. 2 Wong and Mitchell reported that zirconium ͑0001͒ surfaces with high sulfur content do not adsorb oxygen in detectable amounts.
pure form is not used in applications, it is relevant to directly investigate the surface chemistry of zirconium alloys. The origin of sulfur on Zr-alloy surfaces is often segregation from the bulk that occurs at elevated temperatures. Molecular-level understanding of the effects of sulfur on the formation and properties of protective surface oxide films is of interest, for example, in nuclear applications. Zircaloy-4 ͑Zry-4͒ is used as a structural material in water-cooled nuclear reactors at elevated temperatures, which makes our model system SO 2 / Zry-4 relevant from an applied point of view.
The interaction of SO 2 with metal surfaces typically proceeds via dissociation. 4 However, in cases such as SO 2 /Ag͑111͒ ͑Ref. 5͒ or SO 2 /Ag͑110͒ ͑Ref. 6͒ molecular adsorption has been reported at low temperatures. Here, we use Auger electron spectroscopy ͑AES͒ and temperature programmed desorption ͑TPD͒ methods to study the interaction of SO 2 with surfaces of Zry-4 over a wide temperature range under ultra-high vacuum ͑UHV͒ conditions. Even though an overlap of the Zr͑MNV͒ and S͑LMM͒ Auger transitions makes monitoring the presence of sulfur on zirconium surfaces difficult, we show that useful information can be obtained from the Zr͑MNN͒ and Zr͑MVV͒ features. We also show here that H 2 desorption during TPD can occur depending on the adsorption temperature. Experiments were performed under UHV conditions at a base pressure of about 3 ϫ 10 −10 Torr. More detailed descriptions of our UHV chamber and its pumping system are presented elsewhere. 7, 8 During experiments we used an ion getter pump in combination with a titanium sublimation pump, whereas for 2 keV Ar-ion sputtering and for pumping of the gas-handling system we employed a turbomolecular pump. Gas exposures were performed with a moveable line-of-sight beam doser. 9 For collecting TPD spectra the sample was placed in line of sight to a quadrupole mass spectrometer and heated at a rate of 1.8 K / s. For AES experiments, a retarding field Auger system, operating at 3 keV, was used.
The Zry-4 sample has a thickness of 2 mm and surface area of 0.53 cm 2 . The elemental composition of the sample, in weight percent, is nominally 1.2% Sn, 0.2% Fe, 0.2% Cr+ O + Si, and the balance Zr. DC heating was performed via tantalum wires that are spot welded to the sample whereas cooling was carried out using a copper braid connected to a liquid-nitrogen cold finger. The sample temperature was measured via two type-E thermocouples spot welded to its sides. Cleaning of the sample was accomplished by sputtering cycles followed by annealing to about 920 K. This cleaning procedure reduces the amount of carbon and oxygen contaminants significantly, with AES peakto-peak height ratios C͑KLL͒ /Zr͑MNN͒ Ͻ 0.10 and O͑KLL͒ /Zr͑MNN͒ Ͻ 0.10. We have recently shown that short annealing to 920 K does not result in significant sulfur segregation to the near-surface region of Zry-4. 10 Before adsorption experiments the ͓Zr͑MNV͒ +S͑LMM͔͒ /Zr͑MNN͒ ratio did not exceed 1.3, which according to previous studies corresponds to a sulfur-free surface. 3, 11 Figure 1͑a͒ shows derivative mode Auger spectra of zirconium and sulfur features after cleaning and following SO 2 adsorption at 300, 600, and 900 K. The presence of sulfur in the near-surface region of Zry-4 is primarily reflected in the increased intensity of the Zr͑MNV͒ +S͑LMM͒ Auger feature. The formation of an oxide layer may be inferred from the shift in the Zr͑MNN͒ transition. The vertical line near the Zr͑MNN͒ transition is inserted to emphasize the difference for the three adsorption temperatures. The shifts in the Zr͑MNN͒ Auger transitions imply a change in oxidation state of the surface. Note that the oxidation state following SO 2 adsorption at 900 K is the same as that of a cleaned surface implying that there is no surface oxidation. SO 2 adsorption at 300 K results in a shift of the Zr͑MNN͒ peak by 3.0͑±0.3͒ eV compared to the cleaned surface, whereas the feature is shifted 1.8͑±0.3͒ eV by adsorption at 600 K. Also note that the Zr͑MVV͒ feature is absent after SO 2 chemisorption at 300 and 600 K whereas following adsorption at 900 K it can be detected.
The Zr͑MNV͒ feature changes in a complex way due to SO 2 adsorption, which complicates the interpretation of Fig.  1͑a͒ . The Zr͑MNV͒ intensity appears to increase due to the presence of sulfur because of an overlap with the S͑LMM͒ transition, but decreases due to surface oxidation by oxygen. a͒ Thus it is desirable to consider other Zr Auger features like the Zr͑MNN͒ transition. If we look at attenuation factors, 11 defined as A = ͑I clean − I exposed ͒ / I clean where "I" stands for intensity, we find that 300 and 600 K SO 2 adsorption result in the same attenuation of the Zr͑MNN͒ feature ͑A = 0.38͒ whereas adsorption at 900 K results in attenuation characterized by a smaller attenuation factor ͑A = 0.23͒. Figure 1͑b͒ shows corresponding oxygen Auger signals. Note that the vertical scale of panel ͑a͒ is six times larger than that of panel ͑b͒. The small amount of oxygen present prior to adsorption experiments is not uncommon for zirconium-based materials that are known to be getters for oxygen. Note that after adsorption at 300 K the O͑KLL͒ signature is the largest, consistent with the largest change in Zr oxidation state, and diminishes for higher temperatures. This is because of the faster migration of oxygen into the subsurface region at increased temperatures. The decrease in oxygen Auger signal at 600 K and its absence at 900 K cannot be attributed to a reduced sticking probability, since Fig. 1͑a͒ indicates that a significant amount of sulfur is deposited in the near-surface region regardless of adsorption temperature. The fact that the Zr͑MVV͒ transition can still be detected following SO 2 adsorption at 900 K ͓Fig. 1͑a͔͒ reveals that this transition is primarily attenuated ͑at 300 and 600 K͒ by the presence of oxygen, not sulfur.
Oxidation of Zry-4 surfaces induced by SO 2 adsorption at 300 and 600 K is interesting when one takes into account that earlier studies on pure zirconium indicated delayed surface oxidation 1 and a reduced sticking coefficient of oxygen on sulfur-rich zirconium surfaces. 2 In these two studies, O 2 adsorption on Zr͑S͒ was investigated whereas here we observe surface oxidation by SO 2 adsorption on Zry-4. In our experiments with SO 2 / Zry-4, oxygen dissolves into the bulk and no significant desorption of oxygen-containing species is observed at any temperature.
Even though AES results are often expressed in terms of Auger peak-to-peak height ͑APPH͒ ratios, due to the complicated effects of S and O on the Zr͑MNV͒ transition one has to be careful in drawing conclusions from APPH ratios. Namely, both elements influence the intensity and shape of the Zr͑MNV͒ feature. In order to decouple the effects of S from those of O a simple method can be used. Figure 2 shows the Zr͑MNV͒ +S͑LMM͒ feature following 10.0ϫ 10 14 /cm 2 exposure to SO 2 and subsequent annealing to 900 K when no oxygen signal is observed in AES. Since we did not observe the desorption of sulfur-containing species in TPD, and since diffusion of sulfur into the bulk is not expected, the removal of oxygen from the region probed by AES results in decoupling the O and S effects on the Zr͑MNV͒ transition. Note that the intensities of the zirconium Auger features are notably increased following removal of oxygen from the near-surface region. Although AES data typically do not directly reveal oxidation state information, the shift of the Zr͑MNN͒ peak toward higher kinetic energies indicates a change in the oxidation state of Zr. Figure 3͑a͒ shows the ͓Zr͑MNV͒ +S͑LMM͔͒ /Zr͑MNN͒ Auger peak-to-peak ratio as a function of SO 2 exposure at 300, 600, and 900 K. Even though the Zr͑MNV͒ feature changes shape due to the presence of oxygen, its intensity is mainly affected by sulfur at the higher temperatures, so we can justify using APPH ratios in this case. The figure indicates that SO 2 adsorption at 900 K results in relatively rapid saturation of the amount of sulfur at the surface compared to adsorption at 300 and 600 K. We propose that this saturation of the sulfur Auger signal at 900 K indicates that there is no further adsorption of SO 2 above an exposure of about FIG. 1. Derivative mode Auger electron spectra of zirconium and sulfur features ͑a͒ and of oxygen ͑b͒, taken after cleaning the surface and after SO 2 adsorption on Zry-4 at 300, 600, and 900 K. A vertical line is inserted in ͑a͒ to indicate changes in the oxidation state of zirconium. Note that SO 2 adsorption at 300 and 600 K results in surface oxidation whereas 900 K adsorption shows no oxygen ͑KLL͒ signal and no surface oxidation. The vertical scale of panel ͑a͒ is six times larger than that of panel ͑b͒.
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5.0ϫ 10 14 /cm 2 . In addition, a greater sulfur Auger signal is observed following exposure to SO 2 at 300 and 600 K than after adsorption at 900 K. What is interesting is that Zry-4 surfaces at 900 K rapidly adsorb sulfur dioxide at relatively low exposures, keeping the sulfur near the surface and with oxygen probably dissolving into the bulk.
Adsorption at 600 K results in the greatest ͓Zr͑MNV͒ +S͑LMM͔͒ /Zr͑MNN͒ ratio up to exposures of 30.0 ϫ 10 14 cm 2 . This does not mean that there is more sulfur deposited by adsorption at 600 K than at 300 K. Remember that at 300 K, as Fig. 2 shows, oxygen has a notable effect on the Zr͑MNV͒ +S͑LMM͒ feature, which was not observed at 600 or 900 K. In other words, the presence of oxygen in the surface region at 300 K reduces the sulfur Auger signal by shielding or site blocking and affects the Zr Auger electrons originating from the MNV transition. Figure 3͑b͒ shows corresponding O͑KLL͒ /Zr͑MNN͒ ratios as a function of SO 2 exposure and demonstrates that there is a significant difference in the oxygen content in the near-surface region of Zry-4 at these three temperatures. The oxygen deposited on the surface following SO 2 adsorption dissolves into the substrate, and this process dominates at higher temperatures, in agreement with the literature. 11 Even though we cannot rule out the desorption of molecular O 2 during SO 2 adsorption, this process is unlikely due to the high affinity of zirconium for oxygen. However, it is apparent that SO 2 does adsorb, even at 900 K, and deposits sulfur near the surface. Note that more oxygen resides near the surface following SO 2 adsorption at 300 K than at 600 K whereas the sulfur content in Fig. 3͑a͒ shows an opposite trend. Again, this does not necessarily mean that there is less oxygen deposited at 600 K but rather that oxygen penetrates deeper into the subsurface at this temperature leaving the sulfur to cover the surface. Showing AES data in terms of the APPH ratios indicates that oxygen at 300 K at least partly covers sulfur, whereas at 600 K it penetrates deeper into the subsurface region and shows no significant effect on the Zr͑MNV͒ +S͑LMM͒ signal intensity. Data points in all three cases have been obtained from several independent measurements to ensure the reproducibility of trends.
TPD data provide no evidence of molecular desorption following exposure of Zry-4 surfaces to SO 2 regardless of adsorption temperature. This is consistent with our earlier study of SO 2 adsorption on Zr͑0001͒ at 150 K. 12 However, here we observe hydrogen desorption that depends on adsorption temperature. Figure 4 shows hydrogen ͑H 2 ͒ TPD profiles following SO 2 exposures of 15.0ϫ 10 14 /cm 2 at 300, 600, and 900 K. Note that the most pronounced hydrogen peak is observed following SO 2 adsorption at 600 K where 3 . ͓Zr͑MNV͒ +S͑LMM͔͒ /Zr͑MNN͒ ͑a͒ and O͑KLL͒ /Zr͑MNN͒ ͑b͒ Auger peak-to-peak height ratios versus SO 2 exposure at 300, 600, and 900 K. The oxygen Auger signal is near the detection limit after 900 K adsorption. Note the difference in both sulfur and oxygen content in all three cases. Boxes enclosing data points before exposure indicate uncertainties in achieving clean surfaces. Data points for all three adsorption temperatures are obtained from several independent measurements to ensure the reproducibility of trends.
the surface holds the largest amount of sulfur. Based on the fact that oxygen is known to attract hydrogen from the substrate, 13, 14 one may expect the greatest hydrogen desorption signal after SO 2 adsorption at 300 K, as this is the surface with the most oxygen ͓Fig. 3͑b͔͒.
At 600 K, based on the AES results, oxygen penetrates deeper into the substrate leaving sulfur at the surface. However, sulfur may also attract hydrogen, and it is unclear as to which effect may dominate. It is therefore likely that the oxidation state of the surface and the amount of sulfur both play important role͑s͒ in hydrogen interactions and the subsequent desorption of hydrogen. Since the hydrogen desorption signals are relatively small, our TPD results are more interesting from the fundamental than from the applied point of view. SO 2 adsorbs on surfaces of Zry-4 in a wide temperature range. Interestingly, even hot Zry-4 surfaces readily adsorb sulfur dioxide. Adsorption of SO 2 at 300 and 600 K results in the formation of an oxide layer, as observed by shifts in the Zr͑MNN͒ feature, whereas adsorption at 900 K shows no oxygen Auger signal nor evidence for surface oxide. Decreases in the O͑KLL͒ feature with increasing temperature can be explained by faster O migration into the bulk of Zry-4 at higher temperatures. 11 Even though higher exposures to SO 2 exhibit the greatest Zr͑MNV͒ +S͑LMM͒ feature following adsorption at 600 K, this is because oxygen diffuses faster at higher temperatures and occupies sites beneath sulfur. We observe hydrogen desorption near 700 K that is most pronounced following SO 2 adsorption at 600 K, where we propose that more sulfur resides closer to the surface. This observation is relevant in the context of recent work on the same alloy where we have shown that this hydrogen TPD feature is also induced by oxygen adsorption. 15 Even though the origin of this hydrogen desorption state is difficult to prove, we observe that it not only depends on the presence of oxygen but also strongly depends on adsorption temperature.
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